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Abstract 
By means of large mirrors, CSP (Concentrated Solar Power) technologies concentrate the solar energy on an absorber where it is 
collected as thermal energy. The decrease of the kWh cost and the insurance of a 25 years lifetime minimum are the key points to 
make these technologies cost competitive and ensure their large deployment. The solar field is the first expense item (20 to 30% 
of the investment) and is composed by the reflectors which concentrate the solar flux on the absorber. The durability of the 
mirrors is therefore of principal interest and has to be studied since the conception of the power plant. Actually, the majority of 
this technology uses glass mirrors made with silver and copper layers for a high reflectance. The protection of the silver layer 
from oxidation is ensured both by the copper layer and backside paint. In service conditions, the mirrors are submitted to arid 
climate where temperature, humidity and solar irradiation are extreme. Accelerated climatic tests in controlled environment are 
used to create the same degradations than the ones happening on site. Specular reflectance being the primary function of the 
mirrors, this is the parameter usually characterized to evaluate the aging of a mirror. Depending on the aging test and specifically 
for outdoor exposure, it might take a long time before a loss of reflectance occurs. We present here a new methodology based on 
the monitoring of the protective back layer degradation that can be used to anticipate the reflectance loss. Based on the activated 
energy calculated via an Arrhenius law, the lifetime prediction in normal condition can be established. 
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1. Introduction 
Thermodynamic concentrated solar power (CSP) plant technology uses mirrors to concentrate the solar flux and 
heat a fluid used as heat source in the thermodynamic cycle. We consider four types of CSP plant depending on the 
way to concentrate the sun [1]: solar tower, parabolic dish, parabolic through and linear Fresnel (Fig. 1).  
Being at the really beginning of the energy conversion chain, a key element of any of those systems is the solar 
field composed of reflectors reflecting the solar flux towards the receiver all day long. Those reflectors are made of 
mirrors fixed to a structure rotating along one or two axis depending on the technology. The solar weighted specular 
reflectance is usually of 93% or more for glass mirror and it is assumed that a reflectance mirror has to be above 
90% for 10 years [2]. Today, there are three main types of mirrors classified as polymer, aluminium and glass 
mirrors. Technology of monolithic glass mirrors, used in many other industries, benefits from a long R&D 
development and is the most expanded one in concentrated power plant. Even though, and because of environmental 
regulations prohibiting lead and limiting copper use, those mirrors are facing durability concerns.  
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Fig. 1. CSP Technologies. 
Monolithic mirrors are made of a front low-iron glass behind which is laminated the reflective layer made of 
silver, then a potential copper layer which function is to protect silver from corrosion and to filter UV to protect the 
two to three backside paint layers from UV deterioration [3]. Those protective paint layers made of alkyd and 
melamine resins are the first protection of the silver layer from the backside and from the edges where the paints are 
also present [4] (Fig. 2). Glass mirrors can be degraded from front side, back side and from the edges. Abrasion and 
soiling of the front glass may cause a loss of reflectance. About soiling, using appropriate cleaning technologies, this 
loss can be reduced and not being a major concern. On the opposite, as soon as the silver layer starts to degrade, the 
loss of reflectance is very rapid and non-reversible. That is why on the backside and on the edges, the protective 
paint layers are of prime importance. They are a barrier to oxygen penetration and corrosion of the silver layer. 
Those protective layers are in direct contact with environmental aggressions such as temperature, humidity and 
ultraviolet light. Depending on the aggression faced by the paint layers, defects such as cracks, delamination, 
disaggregation in powder, increase of porosity can be observed [3]. Once paints start to fail, the silver degradation, 
usually corrosion, soon start and, what we call the mirror end-of-life is very soon. 
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a)  b)  
Fig. 2.  a) Monolithic thick glass mirror and b) example of protective paints on the edges 
From what has been exposed before, we understand that mirrors durability is a major concern in CSP plant 
development, that monolithic glass mirror is the main technology used and that the first and most dangerous 
degradation is the one of the protective paints on the backside and on the edges. For this reason we decided to look 
at the protective paints degradation by colorimetric measurements. To understand degradation phenomenon, various 
aging tests under temperature, humidity or irradiation were performed. In this article only the results of the thermal 
aging tests are presented.  
2. Materials and methods 
2.1. Samples 
Samples are 7cm squares of monolithic thin mirrors. They are composed of a low-iron glass (1 mm think), a 
silver layer and two protective paints, one red (inside) and one green (outside) (Fig 3.).  
 
 
Fig. 3. Composition of tested samples 
2.2. Experimental Procedure 
Indoor durability tests have been initiated to accelerate aging and make correlations with natural aging. To be 
able to establish a thermal behaviour law, tests have been conducted in climatic chambers (Venticell and Vötsh VTU 
6060) at three constant temperatures 100°C, 150°C and 200°C. Temperatures have been chosen above expected 
temperatures on site to accelerate the aging. Before starting the aging test, samples are characterized to measure 
their initial properties (specular solar reflectance, colour parameter of the paint). Samples are put on a heat 
conductive metal holder at an angle around 45° and placed in climatic chambers. They are regularly taken off from 
the chambers for visual inspection and optical characterizations of front and back sides at different time. The aging 
stops when the reflectance losses are too important: after 600h at 200°C and 2500 h at 150 °C. At 100°C the test run 
up to 5700 h.    
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2.3. Characterization techniques 
Both specular reflectance on the front face and colour on the backside are characterized. Specular reflectance is 
measured using the ARTA (Absolute Reflectance and Transmittance Analyzer) accessory on the Perkin Elmer 
Lambda 950 spectrometer [5]. This accessory allows measurements of specular reflectance at different incidence 
angles and at each wavelength on the whole solar spectrum from 250nm to 2500nm. 
Colour is measured on a spectral range going from 400nm to 700nm using one of the numerous commercial 
instruments available, in our case a BYK colorimeter. The colorimetric model used is the CIE L*a*b developed in 
1976 by the International Lighting Commission CIE. Measured parameters are the luminance “L” and two 
parameters of chrominance “a” and “b” describing color respectively from red to green and from yellow to blue. The 
total color difference 'E is a parameter calculated from the three measured values “L”, “a” and “b” ( Equation 1), 
“ref” values being the ones measured on the sample before aging. 
 
222 )()()( bbaaLL refrefref  '(        (1) 
 
Fourier Transform Infrared Spectroscopy (FTIR) analyses of the coating surfaces were performed with a Nicolet 
510P spectrophotometer and the attenuated total reflectance equipment (Research grade vertical variable angle 
Attenuated Total Reflectance (ATR). Nicolet Instruments). A ZnSe crystal (refractive index = 2.4) and a 45° 
incident angle of the IR beam were chosen in order to analyze the superficial area (analyzed thickness of some 
micrometers) of the coatings. 
3. Results 
The first result is the rapid change of colour of the green paint with aging (Fig. 4), even before any degradation of 
the solar reflectance (Fig. 5). For the three temperatures, there is colour variation ('E), but an important variation of 
reflectance was only observed at the 150 and 200 °C (Fig 5). At 100°C the specular reflectance at 8° of incidence 
angle decreases only from 96% to 95% after 5700 h.   
 
 
Fig. 4. Change of colour of the green paint in function of time for the aging at 200°C 
When relating colour change with loss of reflectance, we can delimitate two phases of degradation (Fig. 5). In the 
first phase, the colour changes while reflectance stays stable. This colour change is due to the degradation of the 
paints. Paints probably become more powdery and porous, creating paths for the diffusion of oxygen up to the silver 
layer. In the second phase, under the action of oxygen, corrosion of the silver starts and reflectance decreases 
rapidly, shortly leading to the mirror end-of-life. 
Reference 
36h 200°C 
75h 200°C 
150h 200°C 
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Fig. 5. Specular reflectance loss in function of colour change 'E 
 
To confirm this analysis we have performed FTIR ATR measurements on the paints of the aged samples at the 
end of the tests. The first paint layer was scratched from the mirror and analysed. Spectra show a degradation of the 
first paint layer as a function of temperature at different time, compared to the reference sample. We observe a 
diminution of the two IR bands around 1730 cm-1 and 1260 cm-1. These bands correspond to the stretching vibration 
of the O-H (1240 cm-1) and C-O (1260 cm-1) bonds and of the C=O (1720 cm-1) bond of the aryl-esthers 
characteristic of the paint ( Fig. 6). These FTIR analyses confirm that the paints degradation mechanisms are similar 
for the three temperatures.     
 
Fig. 6. FTIR ATR spectra of the first paint layer as function of the temperature and aging time. Reference sample (black), after 5700h @ 100°C 
(blue), after 2400h @ 150°C (green), after 600h @ 200°C (red). 
 
The originality of our approach [6] is to follow the change of colour during the first phase, when reflectance is 
still stable, to estimate the level of mirror degradation and forecast its loss of reflectance before it is measurable. 
With this approach, we define a new fundamental parameter which is the end of life of the paints, defined as the 
time when oxygen reaches the silver layer. The 'Emax, representative of the paints end-of life and after which second 
phase starts, is different at 150°C and 200°C. At 100°C, aging time has not been long enough to reach this 'Emax 
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value. In this experiment, we observe results from aging at constant temperatures. Diffusion of oxygen through the 
paints layers is therefore thermally activated. This mechanism can be represented by a diffusion law (2). 
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Where : D:  diffusion coefficient,  
D0:  maximal diffusion coefficient,  
Ea:  activation energy,  
KB:  Boltzmann constant,  
T:  temperature 
 
4. Towards life-time prediction 
To find the 'Emax from which reflectance starts to decrease, we have been looking for a law that correlates the 'E 
evolution in function of the time (see  (3) and  Fig.7). 
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Where:  t:  time,  
W:  characteristic time,  
'E:  total colour change,  
'Emax:  maximal total colour change 
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Fig. 7. Correlation with the evolution of 'E as a function of time 
 
For each temperature, a characteristic time (W) and a maximum 'Emax was determined (Table 1.). We can predict 
that at 100°C, the second phase, degradation of silver layer, might start for a 'Emax of 8. 
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Table 1. 'Emax and characteristic time for each temperature. 
Temperature  (°C) 200°C 150°C 100°C 
'Emax 24 19 8 
W(h) 20 500 2100 
 
In the diffusion phenomenon, the diffusion coefficient D is directly proportional to the characteristic time W, 
representative of a diffusion length. By analogy, we can replace D by 1/W in the equation (2) to get the equation (4), 
where Wis a constant corresponding to the characteristic time when T→ ∞.  
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A graphical representation of the Arrhenius law (neperian logarithm of 1/W by 1/T) gives a negative slope D 
representative of the decrease of oxygen diffusion speed with the temperature of reaction. From this slope can be 
determined the activation energy Ea of the reaction ( 5). 
 
Ba kE u D            (5) 
 
The calculated activation energy is 0.7eV which corresponds to the required energy to diffuse through the grain 
boundaries of a polycrystalline material. This is coherent with the hypothesis of the diffusion of oxygen through the 
paints. Finally, we consider that the stationary state of a reaction is reached for a time equals to 3 times the 
characteristic time W. This is the early defined “lifetime of paints”. From this assumption, we can draw the evolution 
of this 3W in function of the aging temperature and estimate paints lifetime in function of the aging temperature (Fig. 
8). 
 
Fig. 8. Paints lifetime in function of the aging temperature 
 
Looking at the time-based loss of reflectance and reporting those paints lifetime, we find a good correlation 
between the estimated beginning of silver layer corrosion and the loss of reflectance (Fig. 9). In operating conditions 
in a desert environment, maximal temperature of the mirrors is not expected to exceed 80°C. Moreover, we can 
expect that thermal cumulative energy won’t exceed an equivalent constant temperature of 50°C over 25 years. 
Therefore, this experiment shows that this technology is relatively resistant to thermal aggression regarding its 
lifetime ( Fig. 8). 
 O. Raccurt et al. /  Energy Procedia  49 ( 2014 )  1700 – 1707 1707
 
Fig. 9. Estimation of paints lifetime before any measured loss of reflectance 
5. Conclusion and next steps 
We developed a methodology to control the aging of glass mirrors, especially in thermodynamic power plants, by 
using colorimetric parameters to forecast glass mirrors protective paints lifetime, and therefore, mirrors lifetime. 
Because it does not require waiting for a loss of reflectance, this methodology is predictive. After a short experiment 
period in laboratory to find relationships between aging temperature and paints lifetime, this methodology can be 
used directly on site by a simple and regular measure of the backside colour of the mirrors. It is very convenient 
since it only requires commercially available instruments, colorimeters and reflectometers, and is a non-destructive 
methodology. Moreover, it can be used for any concentrated technology or any other technology using outdoor glass 
mirrors with protective backside paints. The next step for us is to get more data about indoor accelerated aging tests 
to complete this first set of data. Then, a second objective will be to correlate those calculated lifetime to the one 
observed on site and validate if the observed degradation mechanisms are similar with the ones in chambers. For 
this, we already started to expose mirrors samples on sites in Morocco, near Rabat and near Ouarzazate [7, 8]. 
Colorimetric and reflectance measurements are ongoing there. The final step consists in applying similar 
methodology for other aging, especially irradiation (UV and solar spectrum aging), humidity and temperature (damp 
heat test) and by coupling temperature, humidity and irradiation. 
The same experiment and methodology is currently being evaluated for mirror with white paint typically used for 
the CSP plant. But, at this time, the degradation attained is not sufficient to give a complete analysis. However, we 
observe the same behaviour: a variation of the color of the paint before the reflectance starts to decrease. This set of 
samples needs more exposure time to have a complete analysis of data. The results will be published in a next paper.  
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